In the course of study of a series of patients with cardiopulmonary diseases of various type and degree, it was noted that the pulmonary arterial pressure rose during supine exercise in all instances. This rise was observed even in individuals with minimal pulmonary involvement and no detectable cardiac abnormality. Inasmuch as it has been stated that the pulmonary arterial pressure does not rise appreciably with mild exercise in subjects with normal cardiorespiratory systems (1) (2) (3) , it seemed necessary to re-examine this question.
It is the purpose of this paper to describe in detail the pulmonary arterial pressure rise which occurs in normal man during mild, supine exercise, together with certain associated physiological changes.
METHODS
Five untrained individuals were selected for study (Table I ). All were considered to be entirely healthy by the criteria of history, physical examination, electrocardiogram, and postero-anterior 6 foot chest roentgenogram.
The subjects were given .09 gram of Nembutal@ orally the evening prior to catheterization. The morning of the catheterization they were again given .09 gram of NembutalO9 orally, and arrived at the laboratory one hour later in the fasting state. Pulmonary artery catheterization was performed in the usual manner (4) . An indwelling intra-arterial needle was introduced into the brachial artery on the opposite side. All studies were carried out with the subject in the supine position. The resting cardiac output was then determined by collection of 6 minute expired gas samples in 100 liter Davol Douglas-Type Gas Bags and withdrawal of simultaneous blood samples from the pulmonary artery and brachial artery. The subjects were then prepared to use an apparatus designed for exercising in the supine position (5) . (They had, in each instance, been familiarized with the use of the device on the day before.) Exercise stroke length was 12 inches, but actual excursion of the weight was 6 inches because of the pulley arrangement. A 'Aided by a grant from the Life Insurance Medical Research Fund.
metronome was used to maintain rhythm. Continuous recording of the pulmonary arterial pressure-pulse contours and the pulmonary arterial mean pressure was then begun. While continuous pressure records were being made, the patient began to exercise, moving both lower extremities synchronously. After a warm-up period of 3 minutes, expired gas was collected from 3 to 4¼4 minutes (designated 3.6 minutes of exercise) together with blood samples for determination of the cardiac output. Pressure recording was then resumed. At 6 minutes another collection of expired gas was begun, lasting until 714 minutes (designated 6.6 minutes of exercise (Figure 2 ). Within 15 seconds there was a sharp rise, the pressure reaching a peak value within 2 minutes and then remaining constant (two instances) or dropping slightly to a level which was higher than the resting control value (three instances). Following the abrupt cessation of exercise, there was a prompt fall in mean pressure to a level which was less than the resting control value. The systolic and diastolic pressures followed the same pattern, with only several minor exceptions.
Oxygen uptake
The oxygen uptake at rest varied from 108 to 128 cc. per min. per sq. m. of body surface area with a mean value of 120. Assuming a respiratory exchange ratio of 0.85, the basal metabolic rates were within normal limits in three subjects, and slightly low in two. The average basal metabolic rate was within normal limits. During exercise the oxygen uptake increased from 2 to 3 times. In each instance the oxygen uptake at 6.6 minutes of exercise was significantly less than that at 3.6 minutes. Table III Several factors influence the arterial oxygen saturation during exercise. Those tending to decrease it are the increased rate of pulmonary capillary flow, and the decreased venous saturation, while that tending to increase it is the increased respiratory surface area with its associated improvement of the ventilation-perfusion relationship. The latter has the effect of decreasing the slight venous admixture which is normally present. Hyperventilation, if present, would represent a second factor tending to increase arterial oxygen saturation through increased alveolar oxygen pressure. Either or both of these factors tending to increase arterial saturation could have been operative in our subjects.
Arterio-venous oxygen difference
The resting arterio-venous oxygen differences vaned from 3.82 to 4.32 volumes per cent, with a mean of 4.05 (Table IV) . At 3.6 minutes of exercise the arterio-venous oxygen difference had increased in every instance (mean 7.07 volumes *per cent). The values for 6.6 minutes of exercise tend to be slightly less than those for 3.6 minutes.
The mean value of 4.05 volumes per cent for arterio-venous oxygen difference at rest, compares well with values previously reported (1-3, 10, 11) . Our values have a very narrow range.
With exercise the arterio-venous oxygen difference increased as did the cardiac output. The A-V difference exceeded 6 volumes per cent during exercise in every case.
Cardiac output
The resting cardiac output varied from 2.68 to 3.22 L. per min. per sq. m. of body surface area, with a mean of 2.97 (Table IV) . At 3.6 minutes of exercise, the mean cardiac index had risen to 4.36, and at 6.6 minutes the mean value was 4.28, a difference which is not significant.
The mean value of 2.97 for resting cardiac index agrees well with published values (12, 13) . This fact, together with the failure to find low values for A-V difference, would seem to indicate that anxiety did not greatly disturb the resting circulatory dynamics of our subjects (10) . However, the fact that three of the five subjects had definitely elevated resting pulse rates, indicates some degree of anxiety.
.Pulse rate and stroke output
The resting pulse rate varied from 71 to 100 beats per min., with a mean of 89 (Table IV) . At 3.6 minutes of exercise the mean pulse rate had risen to 113, and at 6.6 minutes it was 110, a decrease which is not significant. The mean pattern of response of the pulse rate to exercise (Figure 1 ) exhibits a striking similarity to that of the pulmonary arterial mean pressure (Figure 2 ). This pattern may be described as follows: a prompt rise -in pulse rate following the abrupt start of exercise, the achievement of a steady state level, and a prompt fall following the abrupt cessation of exercise to a level lower than the resting control value.
The resting stroke output varied from 27 to 42 cc. per beat per sq. m. of body surface area, with a mean of 34 (Table IV) . At 3.6 minutes of exercise the mean stroke index-had risen to 39 cc.
per beat per sq. m., but at 6.6 minutes there had been no further appreciable change in any case, the mean value having remained 39.
In.three instances the pulse rate increased relatively more than the stroke output, in one (ELM) the stroke output increased relatively more than the pulse rate, and in one (MES) the stroke output diminished slightly as the pulse rate increased. The response of ELM may be explained by the fact that this subject had the highest resting pulse rate and the lowest resting stroke output, so that during adaptation to exercise the stroke output changed relatively-more. In the case of MES it would seem that in response to exercise an excessive tachycardia resulted in an actual decrease of stroke output. As wil be pointed out later, the same subject (MES) responded to exercise with excessive hyperventilation.
Minute volume of breathing and ventilation equivazent
The resting minute volume of breathing varied from 3.22 to 5.24 liters (STPD), with a mean value of 4.04 (Table IV) . At 3.6 minutes of exercise, the mean value had slightly more than doubled (8.41 L. per min.), and the individual values were all within 0.85 liter of each other. As exercise continued, the minute volume remained quite constant in two cases, rose slightly in two cases, and fell somewhat in one case (MES).
The resting ventilation equivalent varied from 1.83 to 2.20 with a mean value of 2.01. At 3.6 minutes of exercise, the ventilation equivalent had decreased in every instance except one (MES).
All values for 6.6 minutes of exercise showed a slight increase (except MES), which in no instance reached the resting level. This increase reflects the uniform drop in oxygen uptake, and the unchanged or increased minute volume of breathing between 3.6 and 6.6 minutes of exercise. Subject MES responded to exercise with excessive hyperventilation, as shown by an initial increase of ventilation equivalent and respiratory exchange ratio. -As the hyperventilation subsided from 3.6 to 6.6 minutes of exercise, the ventilation equivalent also diminished; however, the fact that the respiratory exchange ratio was still high at 6.6 minutes is evidence for persistent psychogenic hyperventilation.
The decrease in ventilation equivalent which occurs during exercise in normal subjects has been emphasized by Baldwin, Cournand, atid Richards (14) . Other workers (15) have noted an initial decrease, followed by a slow increase in ventilation equivalent as the steady state of exercise was approached. They also pointed out that-this slow increase in ventilation equivalent was the result of diminishing oxygen uptake and the tendency of minute volume slightly to rise.
DISCUSSION
Our values for resting pulmonary arterial systolic, mean, and diastolic pressures are in close agreement with previously published values (1-3, 12, 13) . In each of our five subjects the same pattern of response of the pulmonary arterial mean pressure to exercise was found: a prompt rise in pressure following the abrupt start of exercise, the achievement of a steady state level which was higher than the resting control value, and a prompt fall in pressure, following the abrupt cessation of exercise, to a level lower than the resting control value. This pattern of response to exercise has not been previously described in human subjects. On the contrary, it has been stated that the pulmonary arterial pressure does not rise appreciably with mild exercise in subjects with normal cardiorespiratory systems (1-3).
Euler and Liljestrand (16), working with anesthetized cats, noted a moderate rise of pulmonary arterial pressure during exercise in four of five experiments. The pattern of change which these workers found is identical with that which we have described in this paper.
Hickam and Cargill studied the effects of exercise on normal subjects in the supine position, and concluded that the normal pulmonary vascular bed can accommodate a large increase in the rate of blood flow with little or no increase in pulmonary arterial mean pressure (1) . The work rates of their subjects were all comparable to those of ours. Their data show that in seven exercise studies on seven subjects a pressure increase was recorded in five instances (2, 5, 2, 2, and 2 mm. Hg, respectively) and a decrease in two instances (1 and cise, producing an oxygen uptake of less than 400 cc. per min. per sq. m., was accompanied by inconstant changes of pressure in the pulmonary artery. Four of their subjects exercised at work rates comparable to those of ours, resulting in an increase from an average of 133 at rest to 288 cc. per min. per sq. m. during exercise, compared to an increase for our five subjects from an average of 120 to 307. Their data for these four subjects show that the pulmonary arterial mean pressure increased 4 mm. Hg, which is an increase of approximately one-third over their average resting control mean pressure of 13 mm. Hg. These authors (1, 3), using a cautious criterion for elevation of the pulmonary arterial pressure, hesitated justifiably to conclude that the increases which they observed were significant. Although the pressure changes which we observed are of the same order of magnitude as those referred to above, the changes reported in the present study are highly significant because of the serial nature of the observations.
It should be emphasized that our study, and those of Dexter and his associates, and Hickam and Cargill were made on subjects exercising in the supine position. Man is almost unique among mammals in his preference for the supine rather than the prone posture when recumbent. The center of mass of the left ventricle is 7 to 10 cm.
higher, in relation to the center of mass of the lungs, in the supine position than when one is erect. From this consideration alone, it is obvious that the supine position is a very special posture, and that our conclusions based on studies of subjects exercising in the supine position would not necessarily apply to exercise in the erect position.
Riley, Himmelstein, Motley, Weiner, and Cournand (2) reported the effects of exercise in the sitting position on three normal subjects. In five trials on three subjects exercising on a bicycle ergometer, the pulmonary arterial mean pressure decreased four times (7, 5, 1, and 5 mm. Hg, respectively) and increased once (1 mm. Hg). These results are in contrast to those obtained during exercise in the supine position; however, it would seem important to confirm these observations through further study.
The pulmonary arterial pressure rise observed during supine exercise could be due to either or both of the following factors: increased cardiac output or increased total pulmonary resistance. Calculations from our data for 6.6 minutes of exercise indicate that the observed pulmonary arterial mean pressure rises were completely accounted for by the increases in cardiac output in every case except one (MJB), where an increase of calculated total pulmonary resistance made a slight contribution. Although the cardiac output during the first minute of exercise is unknown, it is likely that the prompt pulmonary arterial pressure rise following the abrupt start of exercise is due to increased cardiac output. An increase of total pulmonary resistance at that time seems unlikely. The finding of increases of cardiac output which are relatively greater than the pulmonary arterial pressure increases during exercise indicates a decreased total pulmonary resistance. This was definitely the case in three of our five subjects (MMH, ELM, and MES). In these three subjects, the pulmonary arterial pressure rose during exercise to a peak value, and then descended to a steady state level. The two subjects in whom a significant decrease of total pulmonary resistance during exercise did not occur (MJB and MM), failed to show this descent from a peak value. The rate of decline of the pulmonary arterial mean pressure from its peak to a plateau may be an index of the rate at which vascular dilatation occurs, and the prompt fall following the abrupt cessation of exercise to a level lower than the resting control value suggests that the cardiac output decreases more rapidly than the pulmonary vascular bed contracts.
It has been suggested (1, 2) that this fall of total pulmonary resistance in association with increased cardiac output indicates the opening of new vascular channels or the further widening of those already open. The possibility was considered that a rise of left atrial pressure might mask a decrease in pulmonary vascular resistance. If the pulmonary "capillary" pressure accurately reflects the left atrial pressure, the data of Dexter and his associates (3) would suggest that the left atrial pressure may rise during mild, supine exercise in normal human subjects.
Comparisons have been made of the pressureflow relationships in the post-pneumonectomy patient with those in the exercising normal subject. Our finding, that mild supine exercise results in an increase of pulmonary arterial pressure, suggests that conditions in the resting, supine postpneumonectomy patient are different from those in the exercising normal subject. Apparently, the acute expenment is not strictly comparable to the post-pneumonectomy situation.
With the degree of exercise employed in our study, the oxygen uptake increased from two to three times. Although the rate of oxygen uptake is an index of the work rate, several factors render this index approximate: failure to achieve the steady state, qualitative variations in protein metabolism, and the varying heat equivalent of a unit volume of oxygen depending upon the ratio of protein, fat, and carbohydrate being consumed by the body. Considering both the values for oxygen uptake during exercise and the calculated rate of performing external work, the exercise done by our subjects must be considered mild.
The use of an average respiratory exchange ratio correction factor to obtain the oxygen uptake eliminates the necessity for determination of carbon dioxide in expired gas (3) . Values for oxygen uptake at rest obtained by this method were in very close agreement with those obtained by use of the conventional formula (9) . Values for oxygen uptake during exercise, however, showed several discrepancies. As expected, the 3.6 minute comparisons agreed less well than those for 6.6 minutes. This is due to the fact that before the steady state is approached, there is greater variability, and therefore unpredictability, of the respiratory exchange ratio than after achievement of a semi-steady state, when the ratio is more nearly equal to the metabolic respiratory quotient. In this connection, it should be noted that Lukas and Dotter found the respiratory exchange ratio of their mitral stenosis patients to be too variable, particularly during exercise, to permit the use of mean correction factors for adjusting expired to inspired air volume (17) .
The observed decrease of oxygen uptake from 3.6 to 6.6 minutes of exercise (5 per cent) reflects the gradual achievement of the steady state.
Other workers (15) (19) . Significant changes of oxygen uptake, arterio-venous oxygen difference, and respiratory exchange ratio for expired gas between 3.6 and 6.6 minutes of exercise, indicate, as was anticipated, that our subjects had not achieved the steady state by 3.6 minutes. The length of time required to attain the steady state during exercise would be even greater for more intense work rates, or for subjects with cardiopulmonary disease.
Increased utilization of oxygen by the exercising tissues precedes the circulatory and respiratory adjustments necessary for increased oxygen supply. Bruce and his associates (15) related the peak value for oxygen uptake, which occurs by the third minute of exercise, to the increasing A-V oxygen difference, the result of diminishing venous blood oxygen content, due, in turn, to the lagging increase of cardiac output. As exercise continues and the steady state is approached, oxygen delivery to the tissues comes into equilibrium with oxygen utilization. Thus, while work rate and therefore tissue oxygen utilization remain constant, delivery and uptake of oxygen slowly decline from their peak values, A-V oxygen difference slowly decreases, and cardiac output remains relatively constant.
From the foregoing it is apparent that the Fick principle was not entirely applicable to the determination of cardiac output in our subjects at 3.6 minutes of exercise. The 3.6 minute values for cardiac output are subject to an error, which from our data is unpredictable both as to direction and magnitude. It 
